Preparation of a specific quantum state is a required step for a variety of proposed practical uses of quantum dynamics. We report an experimental demonstration of optical quantum state preparation in a semiconductor quantum dot with electrical readout, which contrasts with earlier work based on Rabi flopping in that the method is robust with respect to variation in the optical coupling. We use adiabatic rapid passage, which is capable of inverting single dots to a specified upper level. We demonstrate that when the pulse power exceeds a threshold for inversion, the final state is independent of power. This provides a new tool for preparing quantum states in semiconductor dots and has a wide range of potential uses.
Preparation of a specific quantum state in a semiconductor quantum system is a required step for quantum computation 1, 2 , generation of single photons 3 and entangled photon pairs 4 , and studies of Bose-Einstein condensation 5 . A two-level quantum system, such as that of an exciton in a single quantum dot, can be driven into a specified state by use of a coherent interaction between the system and a tuned optical field. Previously, the interaction used to invert a two-level system in semiconductor quantum dots has driven the system with a resonant transform-limited light field. In this case, in the Bloch sphere representation the Bloch vector precesses about a field vector which lies in the equatorial plane, and so the optical pulse rotates the Bloch vector from its initial position at the south pole (ground state) through an angle θ = π to the north pole (inversion). The angle θ = (µ·E) h dt is defined as the pulse area in a Rabi rotation where µ is the dipole moment describing the twolevel system and E(t) is the envelope of the optical field. Coherent resonant interaction has been shown to be capable of generating several such Rabi cycles, and permits readout of the state of the system optically 6-8 , or electrically by ionisation of the optical excitation and extraction of a current 9 . The Rabi approach requires precise control over the integrated pulse area (determined by the temporal field profile and the dipole coupling strength) to achieve an inversion angle of π as shown schematically in Fig. 1a .
Here we show experimentally that state preparation is also possible by adiabatic rapid passage (ARP), which has the advantage that it is largely unaffected by variation in the dipole coupling, which is a normal feature of dot systems, and likewise insensitive to variation in the optical field which typically arises from laser fluctuation or positional variation in arrays of dots 10 . Several theoretical proposals have recognized the potential of ARP excitation to create entanglement between locally separated electron spins for robust two-qubit quan-FIG. 1: Schematic representation of the dynamics of the twolevel quantum system in time in the (a) Rabi excitation regime with a transform-limited pulse and (b) the ARP regime with a chirped pulse. The curves are the eigenenergies versus time of the two levels in the rotating frame of the central laser frequency. The red (blue) color coding of the curves represent the population of the ground (excited) state. During the pulse, the admixture of colors show the mixing of the states. As illustrated by the Bloch spheres in (a), the final state of the system depends on the pulse area,θ, of the interacting field, whereas in (b) the system is robustly inverted independently of the pulse area. tum operations 11, 12 , exert quantum control between twosubband quantum wells 13, 14 , and generate novel BoseEinstein condensates in semiconductors 5 . ARP is a form of coherent interaction which effectively produces an anticrossing of the two quantum levels involved 15 . At an anticrossing the wavefunction weight associated with a particular energy eigenvalue always switches from one state to the other as the anticrossing is traversed, and ARP uses this to switch the system from the ground state to the excited state as shown in Fig. 1b. arXiv:1006.0953v2 [cond-mat.mes-hall] 9 Jun 2010
For ARP to operate, the quantum dynamics during the interaction with the field must not be interrupted by random events leading to dephasing of the coherent superposition of the ground and excited states [16] [17] [18] . The quantisation of electronic states in a semiconductor quantum dot leads to an electronic level structure discrete in energy. This significantly reduces dephasing and nonradiative recombination which proceed through phonon scattering, since the phonons retain most features of the bulk material. Cross-gap electronic excitation remains primarily excitonic in character, and the quantum confinement potential of the dot enhances the stability of the multi-exciton and charged exciton species with respect to their counterparts in quantum wells or bulk material. This leads to a complication which can be exploited as the ARP approach can be designed to invert the quantum system to a specific final state of one of these other forms of excitation if a suitable optical pulse is constructed 10, 19 .
In order to detect the quantum state in which the system is left by the ARP interaction we have adopted the approach introduced by Zrenner et al. 9 , who recognised that it is possible to exploit the separation of timescales between excitation and dephasing to read out a quantum state electronically. In the ground state,|0 , there is no exciton, but the excited state, |X , corresponds to an electron in the conduction band and a hole in the valence band, bound by the mutual Coulomb interaction as an exciton. The resonant optical excitation takes the system from the ground state to an arbitrary coherent superposition with the upper state: c 0 |0 + c X |X . The dot is embedded in a biased Schottky diode structure (Fig. 2) , and the applied electric field leads to ionisation of the excited state on a timescale longer on average than the excitation time. Clearly, the probability of charge flow depends on the relative amplitude in state |X ; when the system is entirely inverted and |c X | 2 = 1, the current flow in the external circuit is one electron per excitation cycle. For a repetition of the incident laser pulse at a rate f = 76 MHz, the peak current expected in this simple picture is just ef where e is the electron charge; in our experiment ef=12.2 pA.
We have selected a single InGaAs dot formed by Stranski-Krastanow growth, observed through a 200 nm diameter aperture fabricated in a Ti/Au Schottky contact by electron-beam lithography, as illustrated schematically in Fig. 2 . Within the structure the dot layer is separated from the heavily n-doped back layer by 40nm of GaAs which acts as a tunnelling barrier. The position of the dots with respect to the Fermi level can be changed by varying the bias applied to the top Schottky contact. The aperture is illuminated by a confocal system and light collected for spectroscopy. Illumination is at a photon energy higher than the gap for excitation of photoluminescence (PL) or by pulses from a mode-locked Ti:Sapphire laser for the resonant pulse experiments. The selection of the laser wavelength for the pulsed experiments is made by first conducting photoluminescence mapping of the transitions corresponding to this dot, as shown in Fig. 3a .
Note that the dot can be switched from the negativelycharged exciton (X − , at about 1.338 eV) to the neutral exciton (X, at about 1.3435 eV) and to the positivelycharged exciton (X+, at about 1.3445 eV) by varying the bias on the device, demonstrating the charge injection by tunnelling. Also present is the recombination of the first exciton pair in the biexciton state (BX) which is emitted at about 1.341 eV corresponding to a biexciton binding energy of around 3 meV. In order to read the quantum state of the dot by means of the ionisation current the bias has to be chosen to suppress photoluminescence as the main recombination channel. We have chosen to operate the device at a bias of -1 V, which suppresses the PL signal but does not produce too short a tunnelling time 20 . Fig. 3b shows the photocurrent at that bias as a function of tunable continuous-wave laser wavelength incident on the structure; the photocurrent peak at 1.343 eV corresponds to resonant excitation of X, with the transition energy modified slightly by the applied field.
Under pulsed excitation with a transform-limited pulse with zero temporal chirp (α = 0 ps −2 ; see definition below) of 2 ps full width at half maximum (FWHM) (Fig.  4a) , tuned to coincide with the photocurrent peak, the system clearly exhibits Rabi oscillation as the pulse area 2 ) is increased, as shown in Fig. 4a by the black symbols. The first peak of the Rabi flop corresponds to the exciton being left in the excited state after the pulse has passed (Bloch vector toward the north pole), whereas the first trough corresponds to a Rabi rotation through the exciton and back to the ground state (Bloch vector toward the south pole). These data in Fig. 4c represent the difference between the current drawn when the spectrum of the pulse overlaps the transition and when it is detuned from it. The presence of a background current has been reported in previous work on electrical readout of this form 9, 17 , and is associated with weak absorption processes anywhere within the depletion region of the device. When the same optical pulse is chirped by the grating pair (G1 and G2 in Fig. 2 ) to give a temporal chirp of α = 0.089 ps −2 , and a chirped pulse width of 15 ps at FWHM (Fig. 4b) , the result is a clear signature of adiabatic rapid passage, as shown in Fig. 4a by the red symbols, where the current rises initially as the pulse power is increased, and then stabilises at a value corresponding to inversion, with no further change as the pulse area is increased. Thus at an equivalent pulse power to that which left the system back in the ground state, with ARP the dot is left inverted. With the bandwidth used here (0.3 meV) there is no contamination of the inversion from the biexciton transition.
We can compare the measured readout of the quantum state of the system with a calculation of the current using the methods described by Villas-Bas et al. 16 , and Schmidgall et al. 10 . This system can be described by the Hamiltonian . The dipole coupling is specified by µ X and the optical field by E(t). Under a unitary transformation
this yields a picture appropriate to interaction driven by an applied field whose frequency varies in time as ω(t). The simplest variation is linear in time, with ω(t) = ω 0 + αt 2 , where α is the linear temporal chirp. This is the form of optical field produced by the grating pair in our setup shown in Fig. 2 . The Hamiltonian in the rotating frame of the central frequency of the laser, ω 0 , is
where the detuning of ω 0 from the transition frequency of the exciton is ∆ X . In the experiment, ∆ X is zero. In this picture, the condition for adiabatic transfer (extensively explored previously 15, 21 ) is that the effective Rabi
1, wherehδ = ∆ X −hωt and Ω 0 (t) = µ X E 0 (t)/h. In this adiabatic regime, the Bloch vector follows the field vector as it rotates at a rate ofδ from one polar extreme to another during the pulse while precessing rapidly at ∆ around the field vector within a small solid angle.
To calculate the current drawn from the dot in the presence of both dephasing and ionisation of the exciton, the Hamiltonian model of the individual system is used to evaluate the time evolution of the density matrix; the current is calculated from the scattering term corresponding to taking state |X to state |0 by ionisation, using the Lindblad form 22 of the scattering terms as described by Schmidgall et al. 10 . This term is integrated throughout the pulse interaction. Note that this model does not incorporate terms intended to explain the reduction in contrast of the Rabi oscillation usually observed for high values of pulse area in Rabi flopping 17, 18, [23] [24] [25] . For realistic values of dephasing and tunnelling parameters, the model generates the curves shown in Fig. 4d , which confirm that the measured signals correspond to ARP.
Our results demonstrate the possibility of quantum state inversion in a system measured by electrical readout, robust with respect to variation in the details of the strength of the optical interaction. This opens the possibility of using adiabatic rapid passage in a range of contexts, including inversion of systems with level structures which can lead to deterministic single photon emission, or entangled photon pair emission. Adiabatic rapid passage requires only a chirp of the relative frequency offset of the optical field and transition frequency, so can be driven by a suitably rapid electrical pulse sweeping the transition. The insensitivity to the details of the interaction can be expected to provide access for the first time to physics associated with injection of tailored inversion profiles, such as complex microcavity electrodynamics.
